This paper reviews studies that have assessed associations between likely exposure to radiofrequency (RF) transmissions and various types of human cancer. These studies include three cluster investigations and five studies relating to general populations; all of these studies consider place of residence at the time of cancer diagnosis in regard to proximity to radio or television transmitters. There are also five relevant occupational cohort studies and several case-control studies of particular types of cancer. These studies assessed a large number of possible associations. Several positive associations suggesting an increased risk of some types of cancer in those who may have had greater exposure to RF emissions have been reported. However, the results are inconsistent: there is no type of cancer that has been consistently associated with RF exposures. The epidemiologic evidence falls short of the strength and consistency of evidence that is required to come to a reasonable conclusion that RF emissions are a likely cause of one or more types of human cancer. The evidence is weak in regard to its inconsistency, the design of the studies, the lack of detail on actual exposures, and the limitations of the studies in their ability to deal with other likely relevant factors. In some studies there may be biases in the data used. -Environ Health Perspect 107(Suppl 1): 155-168 (1999). http.//ehpnetl.niehs.nih.gov/docs/1999/Suppl-1/155-168elwood/abstract.html
population exposure is a phenomenon of the current century, and has increased greatly in recent years. Public concern tends to focus on new types of emitters, and there have been public concerns about radio and TV transmitters, TV receivers, and microwave ovens coincident with their development and utilization.
Recently in several countries there has been considerable public concern and legal proceedings about cellular telephone systems (cell phones) in regard to potential risks both to users of cell phones and from population exposure to cell phone transmitters. Although cell phone users have a much higher potential dose exposure because the device is held close to the head (1, 2) , public concern has often been greater regarding cell phone transmitters, where although the potential dose exposure is much less, the exposure is seen as involuntary; health concerns may also be raised as a support for aesthetic and other objections.
International guidelines for RF exposures have recently been revised by the International Commission on NonIonizing Radiation Protection (ICNIRP) (3) . These guidelines for body exposure were set on the basis of avoiding thermal effects. The basic restriction for whole-body exposure is a specific energy absorption rate (SAR) of 0.4 W/kg for occupational exposure and 0.08 W/kg for general population exposure. The ICNIRP review of human and animal data for RF ranges shows that the threshold for irreversible effects in even the most sensitive tissues is > 4 W/kg under normal environmental conditions (3) . As a result, the occupational exposure restriction is based on a safety factor of 10, and the general population basic restriction on a further reduction factor of 5, resulting in 0.08 W/kg. These reference levels in equivalent power densities are 200 pW/cm2 at 10 to 400 MHz; fl2 gW/cm2 at 400 to 2000
MHz, where f= frequency in MHz; and 1000 PW/cm2 at 2 to 300 GHz. Some national standards hold to 200 gW/cm2 throughout this range. Power outputs from cell phone transmitters are low and exposure levels decline with the square of distance from the source, so that even at distances as short as 30 m, exposure levels are likely to be < 5% of the public exposure limit. Thus, interest in potential human effects from cell phone transmitter exposures depends on the existence of relevant biologic effects at levels much below those producing thermal effects-so-called athermal effects. Higher limits were set for exposure of smaller body parts: the occupational localized SAR limit for exposure of the head was set at 10 W/kg, averaged over any 10-g mass of tissue and over any 6-min period; the general public exposure limit for the head is 2 W/kg averaged similarly. These levels are relevant to cell phone users.
The ICNIRP report (3) , which also reviewed several other expert reports (1, (4) (5) (6) (7) (8) (9) , concluded that exposure to these fields is therefore unlikely to initiate carcinogenesis. These expert reports note many negative results from in vitro studies on DNA damage, mutation frequency, and chromosome aberration frequency. In addition there are data suggesting biologic effects, some of which are potentially relevant to cancer causation, at low exposure levels. Strand breaks in DNA in rodent tissues have been described at SAR levels around 1 W/kg (10) (11) (12) , although the methodology of these studies has been questioned (13) . Excesses of malignancies have been noted in rats exposed to microwaves (14) . Some studies suggested promotion effects on preinitiated cells (15) Environmental Health Perspectives * Vol 107, Supplement l * February 1999 but did not clearly exclude thermal effects, whereas other studies at athermal levels reported no effects (16, 17) . An important recent study showed an increase (RR = 2.4, 95% confidence limits 1.3-4.5) in lymphoma incidence in genetically predisposed mice compared to controls at dosage levels of pulsed 900 MHz fields, which for most animals would have been below thermal levels (18) .
There is evidence of effects of athermal levels of RFs on calcium release or surface binding in cells (19, 20) -with some negative reports (21) -and on brain electrical activity (19) , T-lymphocyte cytotoxic activity (22) , changes in non-cyclic-AMPdependent kinases (23) , and on orthonine decarboxylase activity (24, 25) , although there are also many negative reports (3).
Increased neoplastic transformation in cells also treated with a chemical promoter has been noted (26) .
Thus there are various experimental results that are consistent with biologic effects, some of which might be related to carcinogenic mechanisms, of RFs at strengths below those that produce thermal effects. However, the results are inconsistent and no clear mechanism has been shown consistently in a variety of cell systems and animals. As a result the consideration of the epidemiologic literature relating RFs to cancer occurrence in humans must be balanced against this uncertain background: There is no clear evidence for a carcinogenic action relevant to intact humans, but similarly, it is difficult to argue that a carcinogenic mechanism can be ruled out.
Neither the ICNIRP (3) nor any earlier major reports discussed epidemiologic studies in any detail. The most interesting epidemiologic studies of general population RF exposure have been published recently and were not included in the epidemiologic review by Bergqvist (27) . Therefore, although the ICNIRP and earlier reports concluded that there was no good evidence for an epidemiologic association, continuing public concern and the recent epidemiologic studies stimulated the current review.
Methods
Published reports on studies of RFs and cancer in humans were identified by a literature search using Medline (28) to search from 1988 to June 1998, by searching references given by the major reviews (1, (3) (4) (5) (6) (7) (8) (9) , and by other studies and reviews.
The studies used were have been a chance event, but because of its particular characteristics, we feel it should be noted" (32) .
Another cluster investigation followed the observation of what appeared to be a high number of cancers of the testis (six cases) among 340 U.S. policemen who used radar guns and often kept them on their lap in their patrol car (33) . This study showed a positive association, but because it was based on a cluster situation it cannot be interpreted further.
An appropriate type of cluster investigation is the study of a suspected cluster of leukemias and lymphomas in adults living close to the Sutton Coldfield TV and radio transmitter near Birmingham, UK (34) . The authors used data over a 12-year period to compare the residential postcode of patients with cancer and the census number of residents in that postcode area (allowing adjustment for age, gender, regional variations within the country, and an index of socioeconomic level).
For the types of cancer suspected on the initial cluster, there was an excess of total adult leukemia within 2 km, with the risk declining from there out to the edge of a 10-km circle. Similar results were seen for some subtypes of leukemia. Part of the trend of decreasing risk from distance from the transmitter was because the observed number of cases in people living close to the 10-km boundary was less than expected. For lymphomas-also part of the initial cluster-there was an excess risk within the 10-km circle, but the risk was less in those within the inner 2-km circle. The authors appropriately concluded that "no causal implications regarding radio and TV transmitters can be drawn from this finding, based as it is on a single cluster investigation" (34 These associations are new observations not based on a prior hypothesis; therefore they require further assessment.
The results for childhood cancer can also be assessed because the original cluster was related to adult cancer. There was no significant trend with distance for all cancer or for leukemia in children.
Study of Twenty-One U.K. Transmitters. Dolk et al. (35) then identified all 21 radio and TV transmitters in Britain with transmission power of over 500 kW for TV or 250 kW for FM radio, including Sutton Coldfield. They again assessed an inner circle of 2 km, an outer circle of 10 km of residence, and the trend in risk with distance from the transmitter up to 10 km. They used data for up to 12 years, which included 3300 adult leukemia cases and were based on a total population living within 10 km of any transmitter of 3.39 million people. The associations suggested by the Sutton Coldfield study ( Similarly, for most subtypes of leukemia and lymphoma, the risk in those living closest to the transmitter (within 2 km) was less than expected. Only one type, chronic lymphatic leukemia, showed a pattern of some increased risk closer to the transmitter, but this was nonsignificant.
Results for individual transmitters showed significant declines in risk of adult leukemia with increasing distance for three transmitters; results from two of these transmitters showed that the risks at the edge of the 10-km circle were less than expected. The overall declining trend with distance was mainly due to the data for the Crystal Palace transmitter near London; it had most of the observed cases because of the high population. The Crystal Palace transmitter is a high-powered TV transmitter (> 870 kW) without FM transmission; the other two transmitters showing trends in adult leukemia were combined TV transmitters (500 and 287 kW) plus FM transmissions of 250 kW. The Sutton Coldfield transmitter transmits both TV and FM frequencies. The authors grouped transmitters by whether they carried TV or FM emissions, and by power, but no clear differences emerged (35) .
The authors suggest three possible explanations of the trend of reducing risk from 2 to 3 km out to 10 km from the transmitters. It may be due to chance or to "other unmeasured sociodemographic or environmental factors" (35) . Alternatively, if reduced risk is causally related to the transmissions, the usual exposure model on which exposure declines with the square of distance would not explain the results; the authors state: "if there were a true association with radio transmission, the lack of replication of the pattern and magnitude of excesses near Sutton Coldfield may indicate that a simple radial decline exposure model is not sufficient" (35) . The authors conclude that in general their study is negative, and "at most, gives no more than very weak support to the Sutton Coldfield findings" (35) .
Of the two other cancer types related to distance in the Sutton Coldfield study, the results for the other 20 transmitters showed no trend with distance for bladder cancer, and only a small irregular variation in melanoma. Leukemias and brain cancers in childhood were also examined using data from all 21 Hocking et al. (36) comment that control for other factors was limited. They claim that the socioeconomic distribution of the inner and outer areas is generally similar. The broad age range used raises the possibility of age confounding; a younger age distribution within the group 0 to 15 years of age would confer a higher leukemia risk. They point out that the inner area has higher traffic density, which could be related to increased benzene exposure; the inner area also has higher population density, but they note there is a hypothesis that leukemia in children might be increased in sparsely populated areas into which many people have recently moved (38) . Hocking et al. (36) There is little control for other potentially relevant factors. The results, showing a stronger association for childhood leukemia than for adult leukemia, contrast with the British data, which show no dear excess in children. The authors conclude "more detailed studies (e.g., relating cases to power density contours) are required to replicate any association and to look for dose-response relationships before any conclusions can be drawn" (36) .
Comparisons between U.K. and Sydney Studies. The authors of the Sydney study (37) have commented that their study found an excess of childhood leukemia, which was not found in the UK study. Hocking et al. (37) In reply, the principal author of the UK study notes that "our results around multiple transmitters were more equivocal than is reflected in the letter by Hocking et al." (39) . She emphasizes that the UK study found no excess of leukemia in those living closest to the transmitters, and although they found some decline in incidence with increasing distance, they could not distinguish whether this was associated with either TV or FM transmission. They found a weak trend near the Crystal Palace transmitter, which does not transmit FM, as well as near FM transmitters. In regard to the window effect, Dolk (39) queries the suggestion of Hocking et al. (37) and comments that "when assessing the evidence from just two studies, it is easy to make the theories fit the data post hoc and very premature to conclude that the two studies 'suggest' such effects" (39 (40) .
The second North Sydney study (40) is an improvement on the first North Sydney study by Hocking and colleagues (36) because the extra detail gives greater ability to assess a regular association between leukemia occurrence and estimated RF exposures. The estimation of exposure is still based primarily on distance, although the measurements performed confirm that the three areas closest to the transmitters have higher exposure levels when measured at a few open air sites than do the other areas. The second study (40) still shows an association between leukemia incidence and estimated RFR exposure if all areas are included. However, of three areas with high RFR exposure levels, only one of these three has an elevated risk. This makes it more likely that some factor other than RFR is responsible for the excess.
San Francisco Study. Another study of general population exposures assessed cancers in those younger than 21 The overall doubling of total cancer rates is inconsistent with other reports. It raises the question of whether cancer occurrence is better recorded in those who were exposed, perhaps because ofvariations in their military rank, length of service, or type of posting. Szmigielski (42) states that "it is not possible to offer a reasonable explanation for the 3-fold increase in the rate of stomach and colorectal adenocarcinoma" and that "surprisingly there was no difference seen in the most common cancer, lung cancer." No information is presented on cancer mortality. Although mortality may be sometimes of less interest as it is affected by treatment, it has the advantage of often being more reliably recorded than cancer incidence. In this situation mortality information would be a useful addition to the study.
U.S. Navy Study. The Polish study results (42) contrast with those of an earlier cohort study of U.S. naval personnel, in which 20,000 men with maximum opportunity for exposure to radar emissions were identified and compared to a similar number of 20,000 subjects with a lower potential for exposure (29) . Those with maximum exposure opportunity were involved in electronic equipment repair; those with lower potential exposure were involved in equipment operation. All subjects had graduated from U.S. Navy technical schools between 1950 (29) condude that "the results demonstrate that in a large group of men, many of whom may have received substantial exposures, any health effects which occurred were insufficient to be clearly perceptible at the level of mortality or hospital morbidity at the time of exposure." One weakness of this study is that it compares two groups with high and low levels of exposure, respectively; whether the mortality rates in the low-exposure group are different from those of an unexposed group is unknown.
Study of U.S. Amateur Radio Operators. In a study in the United States, Milham (43) identified radio operators in Washington State and California from 1979 to 1984 and linked their names with death records up to 1984. Radio operators were identified from federal amateur radio operator licenses. The study was restricted to men, although women were excluded only on the basis of name because no gender information was available. No information on other exposures was available, although the author noted that these subjects were likely to be exposed to electric shock, soldering fumes, and degreasing agents. The occupation (as given on the death certificate) was an electrically related job for 31% of the Washington State group, so exposures to electric power frequencies were also likely. The results showed significantly lower death rates than expected from all causes and from all cancers. There was a significantly increased risk of one of nine types of leukemia reviewed (acute myeloid leukemia) and also of cancers of other lymphatic tissue. There were statistically significant reductions in death rates from cancer of the respiratory system and of the pancreas. The lack of information on other relevant exposures limits any firm interpretation of this study.
Study of Breast Cancers in
Norwean Feale Radio and Telegraph Operators. Cancer occurrence was studied in a group of 2600 Norwegian female radio and telegraph operators who were certified to work as radio and telegraph operators between 1920 and 1980 and who worked on merchant ships at sea (44). (42) and in the first Sydney study (36 The single-factor analysis showed an excess risk among men who had ever had a job in which they were likely to be exposed to RF radiation (RR= 1.6, 95% confidence limits 1.0-2.4). However, this risk was only seen in those whose potential exposure to RFR was in an electrical or electronic occupation, where the relative risk was 2.3. By comparison, those exposed to RFR without working in such a job had a relative risk of 1.0, and the risk was increased in electronics workers with no exposure to RFR.
Thus the increased risk was due to some other aspect of work in an electrical or electronics occupation. Further analysis showed increases in risk with jobs involving exposure to soldering fumes, lead, and organic solvents. The authors conclude that "that pattern of excess brain tumor risk among electrical and electronics workers, and not among others exposed to radiofrequency radiation, suggests that simple exposure to radiofrequency radiation is not the responsible agent" (48 by an analysis based on job title and by self-report. An excess risk was seen with the self-reported exposure (RR= 3.1, 95% confidence limits 1.4-6.9). However, no association was seen with the analysis based on job title (RR= 1.1); job categories classified as likely to have had the heaviest exposure had RR values = 0.8. Therefore, the results are inconsistent.
Male Breast Cancer Study. Occupational exposure to EMFs and breast cancer in men (a rare disease) has been studied (50) based on 227 cases from 10 areas of the United States, as compared to 300 controls. Exposure status was defined as ever having been employed in a job that had been classified as involving potential exposure to EMFs. The risks seen were highest among electricians, telephone linemen, and electric power workers. Radio and communications workers had a nonsignificant increase in risk (RR = 2.9, 95% confidence limits 0.8-10.0) based on seven cases. Risk did not vary with duration of exposed employment. In this study the participation rates were low, especially in the controls. The results can be regarded only as a preliminary observation requiring further research.
Case-Control Study ofBreast Cancer Deaths. Cantor estimate the probability and level of 31 workplace exposures, and the analyses were carried out after adjusting for socioeconomic status. The authors conclude that "suggestive associations for probability and level of exposure were found for styrene, several organic solvents,...and several metals/metal oxides and acid mists. Because of the methodologic limitations of this study, its primary value is in suggesting hypotheses for further evaluation" (51) .
RF EMF exposure was one of the exposures studied. It was classified in five groups ranging from nonexposed through four increasing levels of estimated exposure probability. For white subjects, a significant OR of 1.15 (95% confidence limits 1.1-1.2) was reported for the fourth of the five levels, but there was no excess in the highest level of exposure probability (OR 0.99) and no regular trend. An analysis using exposure level, that is, estimated intensity, classified as nonexposed and three levels, showed significant increases at level 1 and level 3 (OR 1.15 and 1.14, respectively) but a reduced risk at level 2 (OR 0.95, 95% confidence limits 0.9-1.0), and thus again no regular trend. Results for AfricanAmerican women were somewhat similar, with some significant elevations in individual categories but no regular trend on either analysis.
The authors' discussion takes into account the issues of multiple testing and the lack of a dose-response trend, and their conclusion was "in this investigation, we found no association with either ionizing or non-ionizing radiation" (51) . The finding of an elevated risk for ever exposure to microwaves or radar, with an OR of 2.1, 95% confidence limits 1.1-4.0, based on 21 of the 221 patients being exposed, must be taken in this context. The authors do not mention this result in their summary, and they point out that the data on recall of specific exposures "are more subject to recall bias than the major findings based on the occupational groups ( 52) . They state that the association with health-related occupations, which might be the one most readily associated with microwaves, "could have resulted from referral bias" (52) , given that this study was carried out in only one referral center.
Other Human Studies Relevant to Cancer Causation. Garson et al. (53) carried out chromosomal studies on 38 radio linemen employed by Telecom Australia and who had exposure to 400 kHz to 20 GHz radio frequencies at or below occupational limits, and 38 age-matched controls who were derical staff with no exposure to RFs. Some 200 metaphases from each subject were studied and scored by an observer who was blind as to exposure status. A monitoring committee including representatives of Telecom Australia and the relevant union monitored the study and all data were coded blind until the study was finalized. The results showed virtually identical frequencies in a range of specified aspects of chromosomal damage, with the overall risk ratio of aberrant cells being 1.0 (95% confidence limit 0.8-1.3). The authors state that this was the first study of chromosome damage in workers exposed to RFs.
In an in vitro experiment using high dosages of high frequency microwave radiation, samples of human whole blood were exposed to 7.7 GHz radiation at power densities from 0.5 to 30 mW/cm2. This produced an increase in chromosomal aberrations and micronuclei (54) .
A few other studies assessed blood counts, which could be relevant to cancer but are also influenced by many other factors. Two studies found no effects in workers with occasional high exposures to radar (55, 56) .
Discussion

Methods
For this review, a systematic search procedure has been used to identify all major published studies dealing specifically with RFs and human cancer. Many other studies relate to exposures to EMFs with no further specification. These may indude RF exposures but, in the absence of any specification, the major exposures are more likely to be ELFs. Such studies have been examined in major reviews of ELF exposure. They include cohort studies of telecommunication workers (57, 58) , workers in electrically related jobs (59) , and studies assessing exposures to visual display terminals (60) . Studies based only on national routine data sets of incidence or mortality with occupation as recorded on the death certificate or hospital record were excluded because they suffer from several problems: the quality of the data is limited; multiple testing is a major difficulty; and such reports, because of their size, are often unpublished or are published only as government documents. Selected (67) . Radon levels in the current and previous homes of children who later developed leukemia, and in comparison children, were directly measured in a study involving nearly 1000 children. The mean radon levels were lower for children who developed leukemia than for controls; the authors conclude: "In contrast to prior ecological studies, the results from this analytic study provide no evidence for an association between indoor radon exposure and childhood leukemia" (67) .
Criteria Used in Assessing Causality. Criteria have been developed that are generally and internationally accepted for the assessment of epidemiologic evidence from an individual study, and from the totality of evidence derived from a number of studies. There are two sets of criteria. The first set comprises three factors that could explain an apparent association between an exposure and a disease, apart from a causeand-effect relationship (63 The first process in assessing whether a particular study gives a valid cause-and-effect assessment is therefore to see if these alternative explanations can be reasonably exduded.
The next process is to look for the specific features expected if a biologic causeand-effect relationship applies. These criteria, often referred to as the Bradford Hill criteria (68) , are accepted by many multidisciplinary international groups in the assessment of cause and effect in cancer and in other major diseases (69 (63) . In the great majority of situations the development of a consensus on whether a particular agent causes (for example) cancer is based on a consideration of the consistency of evidence from a large number of studies, of different designs and in different populations that overall give a substantial body of evidence.
Application ofCriteriafor Causality. The available studies on RF and human cancer have been assessed in regard to these criteria.
The study designs used in general are weak. This applies particularly to the assessment of likely exposure. In all the general population studies, the measure of potential exposure used has been the place of residence at the time of diagnosis of the cancer or at the time of death. This is only an approximate indicator of the level of exposure to the relevant wavelengths of RF transmissions at the critical time for the causation of the cancer, which will be months or years before diagnosis. Also, information on other relevant factors at the individual level has not been collected and cannot be adjusted for. Where area of residence is defined down to a small unit, as in the U.K. studies (34, 35) , there is some ability to control for other factors by using variables related to that small area of residence, but where the area is larger, as in the first Sydney study (36) between exposure and an increase in risk.
In regard to strength, the strongest associations were seen in the Polish military study (42) . The difficulty is that this study showed an excess of all cancer and of many types of cancer, including gastrointestinal tract cancer, which has not been related to radiation in any other major study. It seems likely that there is a bias in that study toward a general excess of disease being recorded in association with higher exposure. A strong association with lung cancer was seen in the cohort study of electrical utility workers exposed to PEMFs, but the authors themselves regarded this with considerable doubt. The associations were not strong in any of the other studies. In the Sydney study (36) the association with the incidence of childhood leukemia had an odds ratio of 1.6 . In the more extensive and powerful UK study, even the equivocal results on total leukemia are based on a maximum excess of only 15% seen only in some localities (35) .
Few of these studies showed any consistent dose-response assessment. The utility workers (46) and the U.S. military study (29) had some measures of different likely exposure dosages but did not show consistent results. The Sutton Coldfield and UK studies (34, 35) were based largely on assessing a measure of dose response, that is, a gradation of risk with distance of residence from the transmitter, and did not give consistent positive results for any cancer site.
The criteria on which these studies clearly break down is in specificity to cancer types and in consistency. If there is a real effect of RF on cancer, we would expect to see it consistently on certain types of cancer in various studies. However, this is not found. Figure 1 summarizes the results for adult and childhood leukemias. The strongest individual results for RF in a general population were the first Sydney results for childhood leukemia (36) . However, the Sutton Coldfield and U.K. 20 transmitter studies showed no clear excess of childhood leukemia (34, 35) , nor did the San Francisco study (41) . For adult leukemias of all types, there was a weaker but still positive relationship in the Sydney study (36 (35) .
The results for all adult leukemias were weak and equivocal in the U.S. Navy study (29) . The Polish military study showed an excess of leukemia but also an excess of several other cancers that were not shown in any other study (42) .
In adults, cancers of the central nervous system and the brain gave positive results in the Polish military study (42) and in the small case-control study of brain tumors in U.S. military (47) but showed no association in the study of electric utility workers (46) or the Sydney study (36) , and no clear association in the Sutton Coldfield study (35) . There was no association with cancers of the brain in childhood in any of the three studies that assessed it (35, 36, 41) .
The criterion of coherence, that is, whether the rates of these diseases vary in time and place with RF emissions, is only relevant if it is claimed that these associations are strong and if this exposure is the major cause of these diseases. This criterion is not helpful.
The final criterion is that of plausibility, which relates to whether an established mechanism relating in biologic terms this exposure to cancer production is accepted. The RR, log scale Figure 1 . Relative risks and 95% confidence limits for studies of leukemia in adults and in children. Type of study: C, occupational cohort; E, ecological. 'All lymphatic and hematopoietic-total leukemia not given. bExcluding Lane Cove area. cNo confidence limits given; nonsignificant.
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